Abstract-The mitral valve (MV) apparatus consists of the two asymmetric leaflets, the saddle-shaped annulus, the chordae tendineae, and the papillary muscles. MV function over the cardiac cycle involves complex interaction between the MV apparatus components for efficient blood circulation. Common diseases of the MV include valvular stenosis, regurgitation, and prolapse. MV repair is the most popular and most reliable surgical treatment for early MV pathology. One of the unsolved problems in MV repair is to predict the optimal repair strategy for each patient. Although experimental studies have provided valuable information to improve repair techniques, computational simulations are increasingly playing an important role in understanding the complex MV dynamics, particularly with the availability of patient-specific real-time imaging modalities. This work presents a review of computational simulation studies of MV function employing finite element structural analysis and fluid-structure interaction approach reported in the literature to date. More recent studies towards potential applications of computational simulation approaches in the assessment of valvular repair techniques and potential pre-surgical planning of repair strategies are also discussed. It is anticipated that further advancements in computational techniques combined with the next generations of clinical imaging modalities will enable physiologically more realistic simulations. Such advancement in imaging and computation will allow for patient-specific, disease-specific, and case-specific MV evaluation and virtual prediction of MV repair.
ANATOMY, FUNCTION AND DISEASES OF THE MITRAL VALVE (MV)
Heart valves play a very important role in maintaining unidirectional flow in the circulation by opening and closing efficiently at appropriate times during the cardiac cycle. The aortic and MVs in the left heart are subjected to high pressures and the leaflets undergo complex motion and deformation associated with high in-plane and bending stresses. The MV between the left atrium and the left ventricle enables efficient filling of the left ventricle during diastole and closes rapidly at the beginning of the ventricular contraction preventing regurgitation of blood back into the left atrium during the isovolumic contraction phase. The MV apparatus consists of the two asymmetric leaflets (cusps), the three-dimensional (3D) saddle-shaped annulus, the chordae tendineae, and the papillary muscles. 42 A schematic of the MV apparatus is shown in Fig. 1 . The base of the anterior and posterior leaflets form the mitral annulus that is attached to the left ventricular and aortic walls and the aortic root. 17, 51 The mitral annulus, consisting of dense collagenous tissue surrounded by muscle fibers, undergoes complex 3D motion during the cardiac cycle. 44, 89 The tissue of the MV leaflets consists of collagen-reinforced endothelium, striated cardiac muscle cells, smooth muscle cells, and nonmyelinated nerve fibers. 67, 85 Morphologic evidence of extensive innervation in the human heart and valve leaflets have been reported although the role and mechanisms of these nerves in independent MV movement is still uncertain. 67 The leaflets are essentially one continuous piece of tissue with indentations along the free edges. Two regularly spaced indentations, called commissures, separate the tissue into the anterior and posterior leaflets. The slightly larger anterior leaflet is approximately semilunar in shape compared to the quadrangular-shaped posterior leaflet. 17, 60 The combined surface area of the leaflets is approximately twice the area of the mitral orifice. Such a configuration results in a large area of coaptation of the two leaflets when the valve closes. Along the free edge of the leaflets, the chordae tendineae are inserted through multiple locations. The other end of the chordae are attached to the tips of the anterolateral and posteromedial papillary muscles. The chordae are classified as the thinner marginal chordae inserting into the free edge of the leaflets and the thicker basal chordae inserting more towards the annulus. These areas of the leaflets where the chordae are inserted is the rough zone with thicker tissue compared to the rest of the leaflets (i.e., the clear zone) where thinner and translucent tissue is found.
MV function during the opening and closing phases is a result of complex interaction of the leaflets, the annulus, the chordae and the papillary muscles. 17, 48 At the beginning of diastole, as the ventricle relaxes and the ventricular pressure falls below that of the atrium, the MV opens into a funnel shape for rapid ventricular filling. Ventricular wall motion and papillary muscle contraction during this phase also aids in the separation of the leaflets for efficient ventricular filling. 7 Ventricular filling results in the formation of two large vortices behind each leaflet and the shear forces from the vortices move the leaflets towards closure prior to ventricular contraction. Atrial contraction at that time once again forces the leaflets towards fully open position with additional filling of blood in the ventricle. 76 Ventricular contraction at the beginning of systole and rapid rise in pressure in the chamber force the leaflets to close. The two leaflets contact each other at the respective rough zone and are stabilized by the chordae while sustaining the remaining leaflet surfaces in a flat or slightly billowing shape into the left atrium due to the high transvalvular pressure. 85 In the normal function of a healthy MV, the valve opening is initiated with the pressure difference between the atrium and the ventricle of the order of 1 mmHg and the leaflets close efficiently allowing minimal backflow or regurgitation of blood into the left atrium during the closing phase.
Common diseases of the MV include valvular stenosis, regurgitation, and prolapse. 23 Mitral stenosis is usually caused by rheumatic heart diseases resulting in progressive leaflet thickening, scarring, and calcification. Stenosis leads to narrowing of the valve orifice in the fully open position with significant increase in pressure drop across the valve. Elevated pulmonary venous and left atrial pressures may lead to atrial enlargement, fibrillation, and thromboembolism.
Mitral regurgitation (MR) is the leakage of blood from the ventricle to the atrium during systole. MR is the result of structural or functional abnormalities of the MV apparatus, and the prevalence of MR is 1.7% adjusted to the entire US population. 40 Common structural causes of MR include annular dilatation, chordal rupture and elongation, and papillary muscle anomalies. Functional abnormalities causing MR include myxomatous MV diseases, leaflet prolapse, rheumatic heart diseases, infective endocarditis, coronary artery diseases and cardiomyopathy. Acute severe MR results in increase of left atrial and pulmonary venous pressures with pulmonary congestion and edema. Chronic MR in advanced stages results in contractile dysfunction, ventricular remodeling and heart failure. 31 MV prolapse is the excessive billowing of one or both leaflets into the left atrium during systole. Many patients with normal MV leaflets have MV prolapse with little or no MR and are asymptomatic. If a patient has myxomatous valvular diseases, MV prolapse with moderate MR may be under high risk of cardiovascular complications requiring interventional treatment.
MV REPAIR TECHNIQUES
MV repair (MVR) is the most popular and most reliable surgical treatment for early MV pathology. 2, 38 MVR was limited to a small percentage of MV treatment in the early days, but now cardiothoracic surgeons perform MVR in more than 90% of interventional cases. 27, 41 In the early days, a plication technique in the commissural region was commonly utilized for severe MR. 49 Ring annuloplasty techniques were introduced to repair annular dilation and improve leaflet coaptation. 13 Recent surgical advancements including leaflet resection, chordal replacement, and chordal shortening/transposition in addition to more sophisticated annuloplasty rings have resulted in a markedly increased repair rate. 61, 62 Degenerative MV diseases are commonly involved with annular dilation. Ring annuloplasty focuses on restoring a normal size and shape of the mitral annulus. A number of studies have revealed the efficiency of ring annuloplasty in providing improved durability of MVR compared to ringless repairs. 24, 68 There are a large variety of rings available with different shapes, sizes, and materials (2D vs. 3D, complete vs. partial, rigid vs. flexible, etc.). 11, 32 Some are implanted regardless of case type and others are disease-specifically designed. Although ring annuloplasty is employed in almost every MVR, the approach to patientspecific ring sizing and selection often appears arbitrary and inconsistent. 12 Long-term clinical results of many of these rings are still under investigation. 20, 86 Quadrangular resection of redundant posterior leaflet segment is one of the standard repair techniques. 15, 16 Clinical long-term outcomes demonstrate triangular and quadrangular resections as reliable and reproducible surgical repair techniques for treatment of prolapsed MV leaflets. 13, 81 Several pitfalls of leaflet resection techniques include decreased leaflet coaptation due to forced remodeling of the valvular structure, and a remaining risk of systolic anterior motion (SAM) with obstruction of left ventricular outflow tract. 39, 63 Sliding leaflet techniques combined with upsizing ring annuloplasty are effective to reduce the incidence of SAM. 36 Ruptured chordae commonly leads to severe MR and acute malfunction of the MV as the chordae play a critical role in preventing the leaflets from prolapsing. Resection is a common technique to repair ruptured chordae. Another interventional treatment for ruptured chordae is chordal replacement using artificial chordae. 10, 15 Chordal replacement can be performed either with or without ring annuloplasty. 35 Expanded polytetrafluoroethylene (ePTFE) sutures are popular as neochordae for chordal replacement, and clinical studies of its long-term effect revealed safe, effective, and reproducible repair outcomes. 10, 28 The primary difficulty in using artificial chordae is to determine the suture length. 15 Artificial chordae can degenerate, calcify, and rupture due to imbalanced material characteristics between native and artificial chordae.
14 Edge-to-edge repair (ETER) technique restores leaflet coaptation by anchoring the prolapsing segment to the opposing leaflet with the use of sutures or clips. 4 ,33 ETER provides reduced complications and low morbidity/mortality, particularly benefiting high risk patients for thoracotomic surgery. 88 Clinical studies demonstrated the safety and effectiveness of percutaneous ETER in comparison with standard MVR. 4, 33 Multiple attempts are often required to place a clip, sometimes two clips are placed in~30% of the procedures, and~10% of the procedures are aborted due to complications. 33 There are several concerns in ETER techniques. ETER without ring annuloplasty may lead to recurrent MR and a high risk of reoperation. 8, 37 ETER can also restrict the mitral orifice resulting in mitral stenosis. 32 For treatment of MR reoccurrence following ETER, MV replacement may be required rather than repair. 5 One of the unsolved problems in MVR is to predict the optimal repair strategy for each patient. Much of the problem lies in the difficulty in fully understanding the MV pathophysiology which predisposes it to dysfunction and insufficiency. The majority of cases have complex involvement of multiple pathologies including annular dilation, leaflet thickening, excessive/restricted leaflet motion, chordal elongation/rupture, papillary muscle elongation/rupture, calcification of the MV structures, etc. A thorough understanding of MV dynamics and structural characteristics of the MV apparatus is imperative for accurate diagnosis and focused treatment of MV pathology.
COMPUTATIONAL SIMULATIONS FOR FUNCTIONAL EVALUATION AND TREATMENT PLANNING
With the advent of high-speed computational hardware and software and significant advances in computational mechanics (both in solid and fluid), computational simulations are increasingly playing an important role in understanding normal anatomy and physiology, functional alterations in pathophysiology, development and progression of diseases, interventional and surgical planning, and design of implants. 1, 17, 18 In the cardiovascular system, typical examples of the application of computational simulations include flow dynamics analysis in the etiology and development of atherosclerotic plaques, prediction of rupture of aneurysms, and surgical planning for Fontan procedure, structural and hemodynamic analysis in the understanding of native heart valve function and etiology of valvular diseases, and design and analysis of implants such as heart valves, vascular grafts, and stents. Computational simulations in the cardiovascular system have routinely employed finite element (FE) structural analysis of biological soft tissue such as the arterial wall and valve leaflets, and computational fluid dynamics (CFD) in complex geometries such as curved and bifurcated arterial segments. More recently a unified fluid-structure interaction (FSI) analysis for realistic simulation of the complex interaction between the soft tissue with the flowing blood in the circulatory system are being systematically employed. Morphologically realistic 3D geometry of the organs of interest are available from the state-of-the-art imaging modalities including ultrasound, cine-computed tomography, and magnetic resonance imaging. Patient-specific geometric information is now being increasingly employed in computational simulations.
In the case of native human heart valves, FE analysis have been utilized for the past five decades in order to understand the relationship between stress concentration and etiology of leaflet calcification. CFD analysis have been employed to compare alterations in flow dynamics with the onset of diseases such as valvular regurgitation and congenital valve malformations. More recently, FSI analysis has been attempted to understand the complex dynamics of aortic and mitral valvular function.
In the following sections, we review the current status of computational simulations for our increased understanding of MV dynamics. We also present more recent simulation outcomes towards potential applications of computational simulation approaches in the assessment of MVR techniques and pre-surgical planning of repair strategies.
PREVIOUS COMPUTATIONAL STUDIES AND CURRENT STATUS OF COMPUTATIONAL APPROACHES
Abnormalities in morphologic deformation, stress distribution in the leaflets and chordae, and leaflet coaptation play an important role in modulating MV function. Computational simulation of MV function provides complex biomechanical information pertaining to pathophysiologic alterations. Computational evaluation of these abnormal pathologic features of the complex MV apparatus in each patient can provide improved diagnosis and better prediction of outcomes following MVR.
Dynamic computational simulations of the MV apparatus are very valuable in our understanding of the complex interaction among the various valvular components, the relationship between mechanical stresses and valve failure, and the effectiveness of MVR towards restoring normal MV function. Kunzelman et al.
54,56-58 reported a series of FE studies of the MV. The first 3D MV model was reconstructed from an excised porcine valve incorporating collagen fiber orientation and nonlinear anisotropic material properties of the leaflets and regional tissue thickness variations. 54 The effect of annular contraction and dilatation on leaflet coaptation and stresses was assessed. This group also performed FE evaluation of ring annuloplasty for treatment of annular dilatation. 58 Salgo et al. 82 investigated the effect of the saddle shaped annulus on stress distributions across the MV leaflets. Performing computational analysis with a flat annulus and comparing the results with increasing saddle heights, their study demonstrated the effect of the saddle shape in reducing the peak stresses. Lim et al. 64 developed a computational MV model introducing the asymmetric anterior and posterior leaflet geometry obtained from sonomicrometry data in a sheep model. They demonstrated the heterogeneity of stress distribution during peak pressure loading and nonhomogeneous leaflet stretching during the isovolumic relaxation phase. Maisano et al. 65 performed a computational study to assess the effect of annuloplasty ring shape in treatment of functional MR under extreme leaflet tethering. Their study demonstrated that a dog bone-shaped ring was more effective compared to a conventional D-shaped ring in minimizing regurgitation. This study and that of Votta et al. 95 suggested a disease-specific annuloplasty prosthesis strategy for improved repair outcomes. Prot et al. 72 reported a modeling study to assess the effect of annular shape as well as the role of the anterior secondary chordae on displacement of the leaflets. Computational studies have also been effectively used 6, 26, 96 in assessing the efficacy of ETER 4 for MR treatment. Most of these models above utilized MV geometries obtained either by parametric modeling, by image reconstruction of markers placed on the valvular apparatus or from excised valve specimens. More recently, MV modeling strategies have been transitioning to morphologically realistic patient-specific MV modeling utilizing real-time 3D imaging data. 71, 93, 94 The majority of the earlier computational models employed linear elastic material behavior of the valve structures. Recent modeling approaches have attempted to employ more realistic nonlinear hyperelastic anisotropic material properties for the MV apparatus components.
Our group developed a novel computational MV evaluation strategy by combining 3D echocardiography and FE simulation techniques, and demonstrated four representative clinical cases (normal, mild MR, severe MR, and ruptured chordae) of patient-specific MV evaluation (Fig. 2) . 77 The normal MV revealed complete leaflet coaptation with no MR. The MV with a relatively small degree of annular dilation accompanied by mild MR showed increased stresses across the leaflets and reduced leaflet contact pressure distribution. The degenerative MV with large annular dilation accompanied by severe MR demonstrated markedly asymmetric high stress distribution widely spreading along the radial direction and a large lack of leaflet contact indicating incomplete leaflet closure. The MV with ruptured posterior chordae displayed extremely asymmetric and large stresses as well as flail posterior leaflet prolapse with no leaflet coaptation in the regurgitant region. These patient-specific and case-specific computational MV evaluation studies corresponded well to the standard clinical echocardiographic MV evaluation data, and provided additional quantitative information pertaining to normal and pathologic MV function from a biomechanical perspective. We have found that a patient MV with large annular dilation can experience abnormal distribution of large stresses even when echocardiographic data show a relatively sufficient leaflet coaptation with no significant MR. A chronic condition under such large stresses within the leaflet and chordal structure may lead to MR development. Patient-specific biomechanical evaluation of MV function using clinical imaging modalities and computational analysis techniques can help us better understand pathophysiologic MV characteristics and predict potential MR development.
Computational structural simulations commonly specify uniform blood pressure loading on the leaflet surfaces to determine leaflet deformations and stress distributions during valve dynamics. Such simulations ignore the non-uniform pressure and shear stress loading on the leaflets induced by local blood flow dynamics and cannot provide information of fluid mechanical alteration across the MV following the onset of diseases or MVR with considerable morphologic changes of the MV apparatus. In vitro fluid mechanical studies of MV dynamics demonstrated a flow jet into the left ventricle during the ventricular filling phase, formation of two large counter-rotating vortices, and shear stress effect on leaflet motion during the closing phase. 73, 76 An in vitro study has been also reported to investigate the alterations of fluid dynamics in the ventricular chamber following ETER. 84 Long-term effects of such alterations in the local fluid mechanics may be evaluated by employing FSI analysis. In the case of heart valve dynamics, such an analysis is extremely challenging due to large and complex deformation of the leaflets during the cardiac cycle. 92 De Hart et al. 29 performed 3D FSI simulations for the aortic valve, and Kunzelman et al. 55 reported a FSI analysis for MV dynamics. However, these studies included non-physiologic assumptions in the simulations such as much stiffer material properties of the leaflets than native valve tissue and non-physiologic flow Reynolds numbers to overcome numerical difficulties.
Efforts have been focused on the creation of morphologically realistic patient-specific geometry of the MV apparatus, the use of realistic soft tissue material properties of the valvular structures, and the development of improved FSI algorithms to overcome the computational restrictions listed above. These developments will further enhance the capability of computational evaluation approaches to better understand normal MV dynamics and functional alterations with valvular pathologies, helping to improve patient-specific pre-surgical planning of repair techniques towards best restoring normal MV function.
3D ECHOCARDIOGRAPHY FOR PATIENT-SPECIFIC MV IMAGING
Echocardiography is the standard noninvasive clinical imaging modality to examine cardiac function and valvular diseases. Echocardiography not only offers patients a cost effective valve examination but also provides physicians both morphologic and functional information of the MV. Echocardiography can accurately capture detailed morphologic alterations of the fast moving MV structure over the cardiac cycle. Color Doppler ultrasound allows us to identify the direction and velocity of blood flow around the MV. Primary weaknesses of echocardiography include low resolution for chordae imaging, a restricted window view in some patients, low signal-to-noise ratio, acoustic reflection, ultrasound attenuation, and relatively high inter-observer variability. In particular, the comprehensive chordae structure is hard to be identified in echocardiographic imaging while the location of the papillary muscles attached to the left ventricle is clearly detected.
Other noninvasive 3D cardiac imaging modalities include computed tomography (CT) and magnetic resonance imaging (MRI). Cardiac CT and MRI can provide relatively clearer images with a high signal-to-noise ratio and comprehensive cross-sectional images of the patient's heart compared to echocardiography. Primary disadvantages of cardiac CT and MRI in MV imaging are the difficulty in capturing the moving valve leaflets and high cost. Due to these limitations, cardiac CT and MRI have been less popular for assessment of MV function than echocardiography. However, cardiac CT and MRI may play an important role to provide detailed morphologic and functional information of the MV in addition to echocardiography in the near future with advancement of imaging technologies.
Recent technical advances in echocardiography offer an effective 3D imaging of the MV and help physicians improve diagnosis of MV diseases. Current 3D echocardiography systems utilize thousands of imaging elements in the matrix array and provide excellent 3D images of the MV in real time. 25, 43 Although 2D echocardiography is still the standard imaging modality for heat valve evaluation, 3D assessment benefits MV evaluation due to the complex MV structure. In particular, real time 3D echocardiography provides an excellent tool to characterize mitral annular shape, 34, 47 diagnose MV prolapse and leaflet perforation, 3, 83 and measure MV area, 9, 99, 101 and is now widely being used for diagnosis of MV pathology and pre-surgical planning prior to MVR. Image processing and graphic rendering techniques can be utilized to create and characterize 3D MV geometry in vivo using 3D echocardiography. 21, 70, 80 Our group and others have developed algorithms to extract MV geometry from 3D transesophageal echocardiographic (TEE) data, create a patient-specific computational MV model, and perform FE simulations of MV function. 66, 77, 79, 90, 93 In a standard 3D TEE protocol, a patient is placed in the left lateral decubitus position such that maximal flexion of the neck with chin-to-chest can be obtained. A TEE probe is inserted with guidance offered by the operator's left index finger following bite block insertion, and placed at the esophagolaryngeal junction. The probe is advanced to approximately 40 cm from the incisors, and imaging is performed with wide angle acquisition mode. The 3D MV structure is imaged at the transgastric and mid-esophageal locations. In addition to 3D MV imaging, pulsed wave and continuous wave measurements across the MV are acquired, and color Doppler can be utilized to capture 3D MR.
Computational 3D MV modeling protocols are often composed of multiple sub-algorithms including ECG-gated 3D TEE image data acquisition, MV leaflets and apparatus segmentation, image registration, 3D reconstruction, mesh creation, chordae tendineae creation, and incorporation of 3D dynamic motion of the mitral annulus and papillary muscles.
PATIENT-SPECIFIC 3D MV MODELING AND ANALYSIS
Early computational studies of MV dynamics utilized simplified parametric FE models to simulate MV function. Recently several research groups reported patient-specific MV modeling strategies for FE evaluation of MV dynamics. Votta et al. 93 performed 3D reconstruction of patient-specific annular geometry utilizing 3D echocardiographic data. Jassar et al. 45 developed a 3D MV modeling technique to quantitatively assess the MV structure from 3D TEE data, and demonstrated excellent reproducibility of 3D MV modeling. This group also performed in vivo MV modeling and stress analysis using their semi-automated 3D image processing and modeling system incorporated. 70, 100 Mansi et al. 66 presented an integrated framework for volumetric FE modeling of the MV apparatus, performed a sensitivity analysis, and evaluated MV function in 25 patients. Our group developed a novel algorithm for MV modeling including segmentation of the MV apparatus geometry and patient-specific annular motion over the cardiac cycle. 79 We found that the incorporation of dynamic annular motion clearly reduced regions with large stresses and helped to determine improper leaflet coaptation. We also presented case reports of normal MV, mild MR, severe MR, and ruptured chordae using this novel computational MV evaluation strategy. 77 Other imaging modalities can be also used for computational MV modeling. Stevanella et al. 87 created a patient MV model utilizing cardiac MRI data containing time-dependent papillary muscle location information. Kaji et al. 46 studied the geometric dimensions of the mitral annulus and papillary muscles using clinical 3D MRI. Wang and Sun presented a normal patient MV model reconstructed from cardiac CT data including information of leaflet thickness, chordal structure and distribution, papillary muscle location, and annular motion. 97 Although these studies reported excellent advancement in computational MV modeling and analysis, there are several general limitations and simplifications that need to be resolved and improved. Actual material property information of patient MV tissue is not available. Experimentally determined material property data of porcine MV tissue or excised human tissue from MVR or cadaver are generally utilized. Another primary assumption is related to modeling of the chordae tendineae. As current imaging modalities cannot provide a complete description of structure and distribution of the chordae in vivo, general anatomic information from clinical studies is commonly implemented into computational MV modeling for the chordae. 79, 93 Accurate computational modeling to fully understand the role of the chordae on coaptation and billowing of the leaflets will only be available with advancements in imaging modalities to provide anatomic details of the chordae length and distribution. Lastly, incorporation of realistic fluid-induced effects on the MV structure is required to more realistically simulate patient-specific MV function. It is expected that more advanced patient-specific FSI strategies that can simulate MV dynamics under the physiologic conditions will resolve this limitation.
COMPUTATIONAL SIMULATION FOR PREDICTION OF MV REPAIR
Early studies by Kunzelman et al. 59 demonstrated FE simulations using a parametrically created MV model to assess improved leaflet coaptation and reduced leaflet/chordal stresses following ePTFE suture replacement for ruptured chordae. They also determined the effect of varying number, size, and length of ePTFE sutures. 74, 75 Recently, our group demonstrated a novel evaluation protocol to create a virtual MV model using 3D TEE data in a patient with posterior chordal rupture, and determined the effect of chordal replacement on restoring MV function following virtual chordal replacement (Fig. 3) . 78 We found that extremely large stresses occurred in the neighboring intact posterior leaflet tissue and chordae of the MV with ruptured chordae, and these large stresses were markedly reduced when virtual chordal replacement was performed. Similar computational strategies can provide quantitative information pertaining to biomechanical and physiologic characteristics of pathologic MVs with ruptured chordae and predict functional improvement following virtual chordal replacement using ePTFE sutures.
Several groups have demonstrated FE simulation studies for ring annuloplasty. Kunzelman et al. 58 compared flexible and rigid annuloplasty rings using their parametric MV model, and demonstrated that both rings improved coaptation while the flexible ring further reduced leaflet and chordal stresses than the rigid ring. Maisano et al. 65 utilized the same parametric MV model and demonstrated that dog bone-shaped ring prosthesis provided better performance in the correction of functional MR than standard D-shaped rings. Votta et al. 95 reported a comparative simulation study between the Physio and the Geoform annuloplasty rings. Wong et al. 98 demonstrated the effect of the Physio II and the IMR ETlogix rings. These studies employed a parametric MV model, partial patientspecific MV geometry or animal MV model. Stevanella et al. 87 created a patient MV using CMR data and performed FE simulations of ring annuloplasty. Our group recently employed a 3D TEE-based patientspecific MV model which revealed severe MR, incorporated patient-specific annular motion data, and demonstrated a virtual ring annuloplasty simulation successfully restoring leaflet coaptation (Fig. 4) . 22 Votta et al. 96 performed FE simulations of ETER intervention and demonstrated that diastolic peak stresses in the leaflets were comparable with those found during systole. Others investigated the effects of size and location of stitching during ETER via computational approaches. 6, 26 Mansi et al. 66 developed an integrated framework for ETER simulation and reported FE-predicted repair outcomes using 25 patient data.
Although these FE studies demonstrated excellent cases of computational evaluation and prediction of different types of MVR, there are some limitations and simplifications that need to be further investigated and improved. The primary limitation of computational prediction of MVR is the limited availability of the actual material properties of patient MV tissue. This issue is involved in any patient-specific computational simulation studies of MV function. Another limitation in MV modeling is that acquisition of actual geometric information of the entire patient chordae structure is not feasible utilizing current imaging techniques. It is FIGURE 3. Patient-specific virtual chordal replacement simulations. (a) Simulation protocol for virtual chordal replacement using two, four and six ePTFE sutures, (b) stress distributions across the MV leaflets and annulus before and after virtual chordal replacement, (c) leaflet morphologies before and after virtual chordal replacement (redrawn with modification from Rim et al.
78
).
expected that advancement of imaging technologies will help to resolve these issues.
If patient-specific virtual evaluation of MVR can be conducted prior to actual surgery, i.e., prospectively, this computational prediction is a promising strategy to help pre-surgical planning of MVR. Rigorous validation studies to compare with clinical post-MVR outcomes are still required to utilize these virtual MVR simulation techniques for clinical application. Moreover, computational prediction of MVR should be carefully interpreted as the long-term effect of the MVR cannot be provided by this approach. A longitudinal post-MVR evaluation study is required to fully understand the relationship between computational prediction of MVR and the long-term effect following the MVR.
FLUID-STRUCTURE INTERACTION ANALYSIS
The FE analyses described above can be successfully employed to study deformation and stress distribution of the MV leaflet and chordal structures. FE evaluation of MV function allows us to assess abnormal alterations of morphologic and physiologic characteristics of the MV following the onset of diseases or the efficacy of various MVR techniques. However, the general loading conditions in FE simulations of MV function adopt simplified and uniformly distributed blood pressure magnitudes on the leaflet surface structures during the cardiac cycle. Such loading ignores the effect of variations in pressure and shear stresses on the valvular structures induced by complex flow dynamics around the MV apparatus. Furthermore, long-term effects of alterations in flow dynamics such as those anticipated with ETER cannot be assessed. In order to incorporate these effects in computational simulation, FSI analysis is necessary. As pointed out earlier, limited applications of FSI analysis for heart valve dynamics have been reported in the literature and even these studies were not thoroughly exercised for physiologically realistic flow regimes in aortic or MV dynamics. De Hart et al. 29 reported a FSI study for the aortic valve. However, the material properties of the leaflets in this study were restricted to non-physiologic magnitudes and the Reynolds number for blood flow was far below the magnitudes in the physiologic flow presumably due to numerical challenges. Kunzelman et al. 30, 55 performed FSI analyses of MV dynamics with the use of a neo-Hookean material for the MV leaflets and an assumption of a compressible fluid for the blood via an artificial compressibility approach. The bulk modulus of blood was altered by several orders of magnitude for computational efficiency. Even though these FSI studies made significant advances in modeling the valve dynamics, the computational simulations were restricted to nonphysiologic valve dynamics. Numerical difficulties in FSI analysis of complex valve dynamics must be overcome in order for such simulations to be applicable for a clinical setting.
In order to overcome the limitations on FSI analysis of tissue valve dynamics with physiologically realistic tissue material properties and flow Reynolds numbers, we are currently developing and testing an in-house FSI code. Our analysis methodology employs a partitioned approach for coupling the fluid and solid solvers. 19, 92 Our flow solver employs a fixed Cartesian grid to avoid re-meshing of the rapidly deforming complex structure of the leaflets. Our structural solver, based on the open software (FEAP), employs experimentally derived nonlinear anisotropic material properties for the tissue valve leaflets 50, 52, 53 and published material property data for other valvular structures. This algorithm strongly couples the interface between the solid and the fluid using sub-iterations between partitioned solvers towards a robust and stable solutions for both solid and fluid. At the interface, an immersed interface-like approach 91, 92 has been employed to incorporate the moving leaflets on the fluid as a source term in the momentum equation.
A high-order accurate time-splitting pressure correction scheme has been coupled with a FE solver in a strong fashion for FSI problems with added mass effects. The stability and convergence of the solver are enhanced by a combination of fictitious pressure and Aitken acceleration procedure. This high-fidelity moving boundary flow solver has been parallelized and scalable on state-of-the-art supercomputers. The solution fidelity is maintained using an adaptive octree meshing approach through a novel scalable mesh trimming procedure. 69 Figure 5 demonstrates a prototype computational simulation of MV dynamics during diastole using our FSI algorithm. A patient MV model was obtained from 3D TEE data and placed in a simplified left ventricular chamber model with a flow inlet from the left atrium. Once diastole began, velocity increased at the inlet, pressure built up on the atrial side of the leaflet, the net force over the leaflets increased, and the MV began to open. Leaflet deformation was initiated near the annulus, marginal leaflet edge deformation followed, and the orifice expanded to fully open the leaflets. Negative velocity profiles were found in the axial flow contour indicating flow reversal behind both anterior and posterior leaflets during the opening phase. Structural analysis demonstrated larger stresses in the anterior leaflet compared to the posterior leaflet. With the specification of physiologically realistic material properties for the valvular apparatus and the blood, these computations will allow simulations of MV dynamics under physiologically realistic flow Reynolds numbers.
FUTURE WORK
Great advancement in clinical imaging modalities and computational techniques over the last a few decades provides the promising potential to build a realistic 3D MV model and perform virtual simulations of MV function. It is anticipated that further improved computational techniques combined with the next generations of clinical imaging modalities will be developed for purely patient-specific, disease-specific, and case-specific computational MV evaluation and prediction of MVR through realistic virtual surgery simulations.
It is anticipated that fully validated and robust FSI algorithms will be available for MV dynamics analysis in the near future. Detailed FSI evaluation of normal MV function over the cardiac cycle will enable further understanding of the complex interaction between the MV apparatus components during MV function. Detailed structural dynamics of the MV leaflets and fluid dynamics in the LV chamber can be analyzed particularly in the filling and ejection phases of the cardiac cycle. Comparison of fluid dynamic alterations accompanied by the onset of MV diseases or following MVR will provide important information with respect to long-term effects on MV function. Such unified analyses are expected to be a valuable tool for comprehensive evaluation of MV dynamics aiding in early detection of the onset and stages of MV pathology and optimal pre-surgical planning of MVR.
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